The sterol which was present in two strains of a stable staphylococcal L-form was analyzed by gas-liquid chromatography and combined gas-liquid chromatography-mass spectrometry. The retention time of the sterol on gas-liquid chromatography was the same as that of authentic cholesterol. Analysis of the sterol by mass spectrometry showed a molecular ion at an m/e of 386 and the same patters of major ions above an m/e of 145 as those of authentic cholesterol. As a result, the sterol in staphylococcal L-form was identified as cholesterol. A parent strain and its L-form were cultured in medium containing [14C]acetate, and the synthesis of cholesterol was examined. In the L-form, 0.52% of the total lipid radioactivity was found in cholesterol fraction, whereas no significant radioactivity was detected in the cholesterol fraction of the parent strain, indicating that staphylococcal L-forms have acquired the capacity to synthesize cholesterol.
The sterol which was present in two strains of a stable staphylococcal L-form was analyzed by gas-liquid chromatography and combined gas-liquid chromatography-mass spectrometry. The retention time of the sterol on gas-liquid chromatography was the same as that of authentic cholesterol. Analysis of the sterol by mass spectrometry showed a molecular ion at an m/e of 386 and the same patters of major ions above an m/e of 145 as those of authentic cholesterol. As a result, the sterol in staphylococcal L-form was identified as cholesterol. A parent strain and its L-form were cultured in medium containing [14C] acetate, and the synthesis of cholesterol was examined. In the L-form, 0.52% of the total lipid radioactivity was found in cholesterol fraction, whereas no significant radioactivity was detected in the cholesterol fraction of the parent strain, indicating that staphylococcal L-forms have acquired the capacity to synthesize cholesterol.
Stable bacterial L-forms which can grow without cell walls are expected to differ largely from their parent bacteria in the structure and function of their plasma membranes. The changes in their membrane lipid composition are of particular interest as they may aid in our understanding of the biological and physical aspects of membrane function. We have reported elsewhere that staphylococcal L-forms had much higher levels of cardiolipin than their parents and suggested that the L-forms could synthesize cholesterol (M. Hayami, A. Okabe, R. Kariyama, M. Abe, and Y. Kanemasa, Microbiol. Immunol., in press). But, because bacteria are assumed to lack the synthesis of sterols (9) , except for a few species (3, 5, 16, 22) , the appearance of cholesterol has to be confirmed. This paper describes the presence of cholesterol in L-forms derived from two strains of Staphylococcus aureus (Newman and Tazaki) and investigates their ability to synthesize it. Identification of cholesterol was carried out by analyses with gas-liquid chromatography (GLC) and combined GLC-mass spectrometry. Cholesterol synthesis was examined by determining the incorporation of radioactive acetate into cholesterol. We also discuss the possibility that staphylococcal L-forms acquire the ability to synthesize cholesterol as an adaptational change.
MATERIALS AND METHODS
Organisms and methods of cultivation. The organisms used in this study were stable staphylococcal L-forms derived from S. aureus Newman and Tazaki. These were obtained from Tadokoro (Yokohama City University Medical School, Department of Microbiology, Yokohama, Japan) (6) . Stock cultures were prepared and maintained as described elsewhere (Hayami et al., in press). The organisms were culture.d in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) containing 5% NaCl by gently shaking at 37°C. Preculture was carried out three times, and a 1% inoculum was used throughout this study. Cells were harvested in the late logarithmic phase of growth by centrifugation (8, Identification of cholesterol. GLC analysis was conducted by using a GLC model GC-4BM (Shimadzu Seisakusho Ltd., Kyoto, Japan) equipped with a flame ionization detector and glass columns (2 m by 2 mm).
The column material consisted of 2% OV-1 in hexane on 60-to 80-mesh Chromosorb W (Shimadzu Seisakusho) . The operating conditions were as follows: column temperature, 2500C; N2 flow rate, 60 ml/min (11) .
Combined GLC-mass spectrometry was carried out on a model RMU-6MG apparatus (Hitachi Seisakusho 860 HAYAMI ET AL.
Co., Ltd., Tokyo, Japan) with a glass column (2 m by 0.2 mm) packed with 5% OV-101 impregnated Diaports. The operating conditions were as follows: column temperature, 235°C; helium flow rate, 40 ml/min; injector block temperature, 2500C; ion source temperature, 210°C; molecular separator temperature, 2100C; electron energy (acceleration potential), 70 eV; trap current (filament current), 60,IA (16) . CH3COONa (specific activity, 54.0 mCi/mmol, New England Nuclear Corp., Boston, Mass.). The cells were harvested in the late logarithmic phase of growth and washed three times with 5% NaCl by centrifugation (8,000 x g, 10 min) at 0 to 40C. The washed cell pellet was resuspended in 5 ml of water and extracted by the method of Bligh and Dyer (4). Total lipids were applied on thin-layer chromatoplates (Silica Gel G, Merck) and separated by a one-dimensional, two-step system, a partly modified method of Skipski and Barclay (17) . The solvent system of the first step was comprised of isopropyl ether-acetic acid (96:4, vol/ vol), and that of the second step was comprised of petroleum ether-diethyl ether-acetic acid (90:10:0.8, vol/vol/vol). Spots on the plate were detected with iodine vapor. The cholesterol spot was scraped, eluted with chloroform-methanol (4:1, vol/vol), and rechromatographed as described above. The silica gel was scraped into scintillation vials containing 5 ml of toluene scintillation fluid. For the other spots, the appropriate area of silica gel corresponding to each lipid was scraped into a vial. The scintillation fluid used was a mixture of 4 g of 2,5-diphenyloxazole (PPO) and 0.3 g of 1,4-bis-(5-phenyloxazolyl)benzene (POPOP) in 1 liter of toluene. Suspensions were allowed to stand overnight, and then their radioactivities were measured by a model LSC-653 scintillation spectrometer (Aloka Co., Ltd., Tokyo, Japan).
RESULTS
Identification of cholesterol. Lipids from Newman L-form and Tazaki L-forn were chromatographed in one dimension. A spot corresponding to cholesterol occurred in both strains, and it was positive in the sulfuric acid test (Fig.   1 ). Accordingly, the spot was suspected to contain a sterol. But Because the presence of small amounts of these lipids did not interfere with the analysis of sterols, the lipid sample obtained from rechromatography was analyzed by GLC or GLC-mass spectrometry. Figure 2 shows the gas-liquid chromatograms of authentic cholesterol and lipid samples from the Tazaki and Newman L-forms. The chromatograms of both samples showed a single peak with a retention time corresponding to that of authentic cholesterol. Analysis of the sterol by mass spectrometry was performed to conclusively identify it as cholesterol. The mass spectra of the sterol were compared with published or experimental spectra for authentic cholesterol (Fig. 3) . The sterol had a molecular ion at an m/e of 386 and fragments at another m/e, which are in good agreement with those of authentic cholesterol. Therefore, the sterol in the L-forms was confirmed to be cholesterol.
De novo synthesis of cholesterol. that of the parent strain. Since the one-step development could not clearly separate the cholesterol spot from other near spots (Fig. 1) , the two-step development system was applied, resulting in good separation (Fig. 4A) . Chromatographic checking of the spot corresponding to cholesterol showed that lipids other than cholesterol were not included in the spot (Fig. 4B) . Because no cholesterol spot could be seen in the lipids from the parent strain (Fig. 4A) , an area appropriate to the position of cholesterol was scraped and measured for its radioactivity. Table 1 shows the radioactivities incorporated into cholesterol and other major lipids. The radioactivity found in the cholesterol fraction of the parent strain accounted for less than 0.01%, which was a negligible value. On the other hand, 0.52% of the total lipid radioactivity was recovered in cholesterol from the L-form.
DISCUSSION
Most bacteria do not synthesize sterols, and Schubert et al. (16) have reported that when these species are grown in a sterol-free chemically defined medium they contain no detectable sterol. It is necessary to use sterol-free medium because even minute quantities of sterols in a growth medium contaminate bacteria (2); in particular, mycoplasma and L-forms can concentrate and bind sterols from the growth medium (18, 19) . In our study of the level of sterol in staphylococcal L-forms, brain heart infusion broth was used because no sterol-free medium was available for these organisms. This medium contained a trace of cholesterol, but in previous work it has been shown that the amounts of cholesterol in the L-forms was 10-fold higher than the amount originaUly present, proving that staphylococcal L-forms synthesize cholesterol (Hayami et al., in press). The cholesterol was determined by thinlayer chromatography and subsequent colorimetric determination, which did not permit a precise analysis of the sterols present.
In the present study, the cholesterol fraction was obtained after successive thin-layer chromatography and was subjected to analysis by combined GLC-mass spectrometry to characterize the molecular species present in this fraction. The results prove that cholesterol is the only sterol present. The synthesis of cholesterol was studied using a labeled precursor. A series of solvent systems was examined in an effort to obtain a good resolution of the cholesterol fraction. The two-step, one-dimensional method used gave a clean separation from other lipids. The reliability of the method was shown by the lack of contaminated lipids after rechromatography and the lack of significant radioactivity in the corresponding fraction of the lipid from the parent strain. Finally, the cholesterol content of the L-form obtained from the present labeling experiment is in good agreement with the previous data from colorimetric estimation, strongly supporting the accuracy of the data.
One of the important roles of the cell wall is mechanical protection for the cell. The fact that cholesterol was newly synthesized only after bacteria were induced to stable L-forms is of great interest in view of the function of cholesterol in biological membranes. The cholesterol content in the L-forms (0.03 to 0.05%, dry weight) was in the same range as found for Cellulomonas dehydrogenans and only slightly lower than the level present in most human tissues (22). Thus, it seems likely that cholesterol contributes to the stabilization of L-form membranes.
The determination of the mechanisms allowing cholesterol synthesis would provide valuable information for understanding the metabolic changes that occur during evolution of microorganisms. We hypothesize the following explanation. First, when the phenomenon is limited to the L-form derived from S. aureus, a synthetic pathway from squalene to carotenoids is mobilized as a pathway for cholesterol synthesis (8, 20) . Second, if the appearance of cholesterol is common in L-forms derived from various grampositive and -negative bacteria, it is supposed that cholesterol synthesis is closely related to changes in the metabolism of undecaprenol phosphate, an isoprenoid compound involved in the translocation of the peptidoglycan precursor (1, 12) . The inability of stable L-forms to synthesize peptidoglycan must result in changes in the metabolism of the lipid (10, 14, 21) . These changes are important to the study of the relationship between evolution of microorganisms and changes in the metabolism.
Total lipids were applied on a plate to form a band 5 cm wide, and were then separated by the two-step development procedure described above. Cholesterol was isolated by eluting the relevant band from the silica gel. Purity of the fraction was checked by rechromatography with the two-step development system described above. 
